The aim of the study is to evaluate the impact of drainage on soil carbon stock in a transitional mire drained for forestry. The study site is located in the central part of Latvia representing hemiboreal vegetation zone. Site was drained in 1960. It is located in a catchment area of the river Veseta. An undrained site at the same catchment area was chosen for control (ca. 2.5 km between sites). In both sites, the depth of peat is 4 -4.5 m. Drained site is dominated by coniferous trees. Soil samples collected in 2014 were used to determine bulk density and carbon content, and to calculate soil carbon stock. Samples were collected down to 80 cm depth. Ground surface elevation was measured before and several times after the drainage to determine peat subsidence. Carbon stock has increased by 0.3 tons ha -1 yr 1 after drainage, although peat has subsided on average by 26 cm (13 -48 cm). Subsidence was mainly caused by physical shrinkage of peat not by organic matter oxidation. Drainage was followed by compaction of aerated soil layer, which has caused most of the subsidence, especially during the first years after drainage. Soil bulk density has increased almost twice at soil surface layer 0 -10 cm (from 75 kg m 3 to 141 kg m 3 ). Differences decrease at deeper sampling depths. It is concluded that drainage is not always followed by reduction of carbon stock in soil. Increased above and below ground litter production rates may offset accelerated decomposition of organic matter after drainage.
Introduction
Organic soils store large carbon stock and are important carbon pools in the global carbon cycle (Gorham, 1991; Turunen et al., 2002; Yu et al., 2010) . Management of organic soils may alter carbon cycling. The main threat for carbon storage is drainage, causing increased CO 2 emissions (Minkkinen et al., 2002; Hooijer et al., 2009) . Drainage helps to remove the excess water and, consequently, the upper soil layer is enriched with oxygen. It accelerates the decomposition of organic matter (Lieffers, 1988; Bridgham et al., 1991) . Soil surface aeration and increased amount of available nutrients for plants due to decomposition (Laiho & Laine, 1994; Indriksons, 2009 ) contribute to better plant growth.
In order to increase forest productivity, drainage is widely used in forestry, especially in the northern hemisphere (Zoltai & Martikainen, 1996) . On one hand, the benefits of drainage on forest productivity are evident; it results in a better tree growth Zalitis & Indriksons, 2009 ). On the other hand, there may be negative consequences to soil carbon storage (Simola, Pitkänen, & Turunen, 2012; Pitkänen, 2013; Hommeltenberg et al., 2014) . On the contrary, some authors have found that carbon stock in forest organic soils can remain stable or even continue to increase after drainage (Minkkinen & Laine, 1998b) . One of the main drivers determining, whether forest organic soil will be carbon source or sink after drainage, is climatic variables. In the boreal vegetation zone drained organic soils in forest often continue to act as a sink (Minkkinen & Laine, 1998b Hommeltenberg et al., 2014) . In some cases, emissions from soil can be large enough to turn the whole drained forest ecosystem into CO 2 emitter, especially in the long term (Hommeltenberg et al., 2014) . On a broad scale, carbon loss from organic soil in temperate climate conditions is larger than in the boreal region (Armentano & Menges, 1986) . No evidence of soil carbon or ecosystem net sink after drainage can be found for tropical climate (Hirano et al., 2008; Sundari et al., 2012; Jauhiainen et al., 2014) . Drainage of tropical peatlands may result in extreme CO 2 -C emissions (Comeau et al., 2013) .
The impact of climate on carbon loss is clearly displayed in the Intergovernmental Panel of Climate Change (IPCC) guidelines for greenhouse gas (GHG) reporting (Hiraishi et al., 2014) 
Materials and Methods
The study site is located in the central part of Latvia (N 56.7064; E 25.8544) in a catchment area of the river Veseta. This site was initially a transitional mire and it corresponds to hemiboreal vegetation zone. It was drained in 1960, and in 1963 a forest research station was established in this area. A closely located (~2.5 km from the drained site) undrained site in the same catchment was used as a control site. Peat depth on both sites is 4 -4.5 m. Before the drainage, the site was dominated by pine trees with an average growing stock 50 m 3 ha -1 . Currently, the area is covered by pine and spruce forest (Zalitis, Jansons, & Indriksons, 2012) with an average growing stock 200 -250 m 3 ha -1 . The age of tree stand in drained site is 40 -110 years. Site type is Myrtillosa turf. mel., according to the Latvian forest type classification system. This is ranked as third (out of four) most fertile forest type in the class of drained forests on organic soils.
In total, 20 sample plots (500 m 2 ) in the drained site and 10 sample plots in the control site were established near the ground surface measurement points and ground water wells installed in 1963. Sample plots are located at different distances from the drainage ditches. Soil volumetric samples and litter layer samples were collected in 3 replicates at each sample plot in 2014. Soil samples were collected at four depths: 0 -10 cm, 10 -20 cm, 20 -40 cm and 40 -80 cm. The volume of each sample was 100 cm 3 . Litter samples were collected with 10x10x10 cm steel boxes. Diameter and height of trees were measured at each sample plot. Ground surface elevation was measured before (1960) and several times after (1966, 1970, 1972, 1975, 2014 ) the drainage with an optical level tool. Each time the same reference and measurement points were used.
Soil and litter samples were dried at 105 °C until constant mass. Carbon content was determined with LECO CR 12 analyzer at a temperature higher than 900 °C.
Soil samples were used to determine dry bulk density (kg m -3 ) and carbon content (g C kg -1 ) which was further used to calculate carbon stock (tons ha -1 ) in the soil. Peat subsidence was considered when calculating carbon stock changes. Carbon stock at the control site is equal to soil carbon stock in 0 -80 cm soil profile. Carbon stock at the drained site is equal to carbon stock in soil profile of 0 -(80-x), where x is subsidence in cm. Carbon stock changes were calculated as a difference of carbon stock between the profiles at the drained (0 -80-x cm) and control (0 -80 cm) site.
Stand volume was calculated as a sum of volume of individual trees (Liepa, 1996) to describe the effect of drainage on a tree stand productivity (1): distances from the drainage ditches. Soil volumetric samples and litter layer samples were collected in 3 replic each sample plot in 2014. Soil samples were collected at four depths: 0 -10 cm, 10 -20 cm, 20 -40 cm and 4 cm. The volume of each sample was 100 cm 3 . Litter samples were collected with 10x10x10 cm steel boxes. Dia and height of trees were measured at each sample plot. Ground surface elevation was measured before (196 several times after (1966, 1970, 1972, 1975, 2014 
Soil and litter samples were dried at 105 °C until constant mass. Carbon content was determined with LEC 12 analyzer at a temperature higher than 900 °C.
Soil samples were used to determine dry bulk density (kg m -3 ) and carbon content (g C kg -1 ) which was f used to calculate carbon stock (tons ha -1 ) in the soil. Peat subsidence was considered when calculating carbon changes. Carbon stock at the control site is equal to soil carbon stock in 0 -80 cm soil profile. Carbon stock drained site is equal to carbon stock in soil profile of 0 -(80-x), where x is subsidence in cm. Carbon stock ch were calculated as a difference of carbon stock between the profiles at the drained (0 -80-x cm) and control ( cm) site.
Stand volume was calculated as a sum of volume of individual trees (Liepa, 1996) to describe the eff drainage on a tree stand productivity (1):
Where ψ, α, β, φ -tree specific stem volume coefficient hi -height of i tree, m di -diameter of i tree, cm.
Confidence interval for normal distribution at α = 0.05 was calculated to evaluate statistical difference of a carbon stock between the drained and control site. It was assumed that carbon stock data follows the n distribution, although the data does not fulfill all the criteria of normal distribution. The same approach was u calculate confidence interval for bulk density and carbon content.
Results and Discussion
The depth of peat has decreased by 13 -41 cm (on average by 26 cm) 54 years after drainage. The subsidence rate is around 0.5 cm yr -1 . These results are comparable with 22 cm published by Minkkinen and (1998b) and 14 -43 cm published by Lukkala (1949) , both studies were carried out in Finland. A lower r subsidence (8 cm on average) was observed by Rothwell (1996) (1)
Where ψ, α, β, φ -tree specific stem volume coefficient h i -height of i tree, m d i -diameter of i tree, cm.
Confidence interval for normal distribution at α = 0.05 was calculated to evaluate statistical difference of average carbon stock between the drained and control site. It was assumed that carbon stock data follows the normal distribution, although the data does not fulfill all the criteria of normal distribution. The same approach was used to calculate confidence interval for bulk density and carbon content.
The depth of peat has decreased by 13 -41 cm (on average by 26 cm) 54 years after drainage. The annual subsidence rate is around 0.5 cm yr -1 . These results are comparable with 22 cm published by Minkkinen and Laine (1998b) and 14 -43 cm published by Lukkala (1949) , both studies were carried out in Finland. A lower rate of subsidence (8 cm on average) was observed by Rothwell (1996) Most of the subsidence took place during the first years after drainage -11 cm after 6 years and 16 cm after 15 years (Figure 1) . A similar trend was observed also by Lukkala (1949) . After the drainage, the subsidence is rapid and it ceases later.
The main reason for subsidence during the first years after the drainage is the physical peat shrinkage after ground water level dropdown but not the peat oxidation, as it is sometimes stated. This hypothesis is confirmed by an increased soil bulk density and increased total carbon stock in the soil. Carbon storage 54 years after drainage has increased Lohila et al., 2011) . Although drainage accelerates organic matter decomposition, it can be compensated by higher aboveground and belowground litter production rates followed by an increased tree biomass growth.
The growing stock at the control site ~50 m 3 ha -1 , but the growing stock at the drained site is at least four times higher (~220 m 3 ha -1 ). It promotes higher litter production rates in the drained sites. Tree biomass growth and subsequent increase of litter production rate contribute to the increased carbon allocation into soil. Results show the formation of stable litter layer (~ 3 -4 cm) on soil surface in the drained sites. At the control site, no litter layer was observed. Furthermore, a considerable quantity of carbon in the soil is allocated in the root biomass (Laiho & Finér, 1996 ; Bardulis, Jansons, & Liepa, 2012; Bardulis et al., 2015) , especially through fine root production/ mortality. Fine roots may even contribute to ~ 70% from the total carbon cycle in forest ecosystem (Gower, Pongracic, & Landsberg, 1996; Bhuiyan et al., 2016) .
The shrinkage of peat is followed by an increased soil bulk density (Figure 2 ). Bulk density in topsoil (0 -10 cm) has increased almost twice from 75 kg m -3 to 141 kg m -3 . Differences of bulk density tend to decrease in deeper soil layers. However, differences are still significant at 20 -40 cm depth. Furthermore, it seems that the impact of drainage may extend even deeper than the studied 0 -80 cm soil profile. Although the difference of bulk density is not significant at the sampling depth 40 -80 cm, still this difference is 23 kg m -3 . Similar results are reported
Ainars Lupikis, Andis Lazdins SOIL CARBON STOCK CHANGES IN TRANSITIONAL MIRE DRAINED FOR FORESTRY IN LATVIA: A CASE STUDY
Most of the subsidence took place during the first years after drainage -11 cm after 6 years and 16 cm after 15 years (Figure 1) . A similar trend was observed also by Lukkala (1949) . After the drainage, the subsidence is rapid and it ceases later. The main reason for subsidence during the first years after the drainage is the physical peat shrinkage after ground water level dropdown but not the peat oxidation, as it is sometimes stated. This hypothesis is confirmed by an increased soil bulk density and increased total carbon stock in the soil. Carbon storage 54 years after drainage has increased by 0.3 tons ha -1 yr -1 . In total, carbon stock has increased by 15 tons ha -1 during 54 years. However, carbon stock changes are not statistically significant at 95% confidence level.
Soil carbon stock increase after drainage is reported also by other researchers for the boreal region in Finland (Minkkinen & Laine, 1998b; Ojanen et al., 2010; Lohila et al., 2011) . Although drainage accelerates organic matter decomposition, it can be compensated by higher aboveground and belowground litter production rates followed by an increased tree biomass growth.
The growing stock at the control site ~50 m 3 ha -1 , but the growing stock at the drained site is at least four times higher (~220 m 3 ha -1 ). It promotes higher litter production rates in the drained sites. Tree biomass growth and subsequent increase of litter production rate contribute to the increased carbon allocation into soil. Results show the formation of stable litter layer (~ 3 -4 cm) on soil surface in the drained sites. At the control site, no litter layer was observed. Furthermore, a considerable quantity of carbon in the soil is allocated in the root biomass (Laiho & Finér, 1996 ; Bardulis, Jansons, & Liepa, 2012; Bardulis et al., 2015) , especially through fine root production/mortality. Fine roots may even contribute to ~ 70% from the total carbon cycle in forest ecosystem (Gower, Pongracic, & Landsberg, 1996; Bhuiyan et al., 2016) .
The shrinkage of peat is followed by an increased soil bulk density ( Figure 2 ). Bulk density in topsoil (0 -10 cm) has increased almost twice from 75 kg m -3 to 141 kg m -3
. Differences of bulk density tend to decrease in deeper soil layers. However, differences are still significant at 20 -40 cm depth. Furthermore, it seems that the impact of drainage may extend even deeper than the studied 0 -80 cm soil profile. Although the difference of bulk density is not significant at the sampling depth 40 -80 cm, still this difference is 23 kg m -3 . Similar results are reported by Minkkinen and Laine (1998a) , who found that soil compaction may occur also deeper than 80 cm. It was expected that carbon content (g C kg -1 ) in peat will decrease after drainage due to oxidation and mineralization of organic matter. The results show an opposite trend. The carbon content at drained sites is higher compared to the control site (Figure 3 ) and the difference is statistically significant in 0 -40 cm soil layer. Carbon content at the drained site varies from 528 g C kg -1 in the 0 -10 cm layer to 550 g C kg -1 in 20 -40 cm layer. Carbon content in the control site varies from 508 g C kg -1 in 0 -10 cm layer to 527 g C kg -1 in 20 -40 cm layer. There are no differences at the deepest (40 -80 cm) sampling depth.
These results may be explained by the vertical movement of easily dissolvable organic carbon compounds. Results show mean ± CI for normal distribution at confidence level 95%.
by Minkkinen and Laine (1998a) , who found that soil compaction may occur also deeper than 80 cm. It was expected that carbon content (g C kg -1 ) in peat will decrease after drainage due to oxidation and mineralization of organic matter. The results show an opposite trend. The carbon content at drained sites is higher compared to the control site ( Figure 3 ) and the difference is statistically significant in 0 -40 cm soil layer. Carbon content at the drained site varies from 528 g C kg -1 in the 0 -10 cm layer to 550 g C kg These results may be explained by the vertical movement of easily dissolvable organic carbon compounds. Organic matter cycling on the soil surface is accelerated after drainage, and carbon from litter decomposition is penetrating from the soil surface into deeper soil layers (Charman, Aravena, & Warner, 1994; Domisch et al., 1998) and is subsequently stored there. Carbon content increase is reported also by Minkkinen (1999) , who reports that the carbon content in peat has increased by 1.6%, while our results show even higher rates of increase -4.1%.
It is necessary to do further research to get a better understanding about factors controlling the net balance of CO 2 in drained forest organic soils. Literature analysis shows a strong impact of climate and fertility gradient on the net CO 2 exchange. Still, there are lot of unanswered questions about controls which determine, whether soil after drainage will become source or will keep acting as a sink. More accurate information about the impact of soil temperature, moisture, drought, fertility, microbial activity etc. on CO 2 exchange would help us to model those processes and help to develop more accurate emission factors for national GHG inventory. Furthermore, it may contribute to thedevelopment of a more sustainable management of drained forests on organic soils.
Conclusions
In the hemiboreal vegetation zone, drainage of organic soils is not always causing carbon storage reduction. Carbon stock may even increase after the drainage. This is caused by the increase of above and belowground litter production rates. Subsidence followed by drainage is caused mostly by physical shrinkage of aerated soil surface not by peat oxidation.
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